1. INTRODUCTION {#sec1}
===============

*Lactobacillus rhamnosus* 160 was isolated from the vaginal microflora of a healthy female subject. This bacterium produces the ribosomally synthesized antimicrobial peptide (bacteriocin) lactocin 160, which is active against the most prevalent species associated with bacterial vaginosis (BV). Its bactericidal activity (as shown on model microorganisms) is due to the disturbance of the cellular membrane, probably by pore formation, which leads to efflux of ATP \[[@B1], [@B2]\].

BV is a common condition in women which occurs when the healthy vaginal bacterial flora, consisting mostly of *Lactobacillus* species, is replaced by a flora consisting of several bacterial pathogens \[[@B3]\]. It is associated with pregnancy complications such as premature labor as well as with a higher risk of acquisition of HIV infection \[[@B4]--[@B6]\].

Since lactocin 160 is active against an array of vaginal bacterial pathogens, it has a potential application as an antimicrobial treatment of BV. It is, therefore, important to determine the safety of the bacteriocin for human application. For in vitro toxicity study, the EpiVaginal tissue model from MatTek Corporation (Ashland, Mass, USA) was employed. This model uses human vaginal ectocervical cells, obtained from healthy adult females, and is free from viral, microbial, and yeast infections. The tissue has a three-dimensional structure that mimics that of the human vaginal tissue and the results are highly reproducible, quantifiable, and less expensive compared to in vivo studies \[[@B7]\]. The in vitro data was compared with rabbit vaginal irritation (RVI) model. The aim of this study was an in vitro and in vivo testing of antimicrobial peptide lactocin 160 to determine vaginal tissue toxicity, hemolytic activity, and inhibition of lactobacilli growth.

2. METHODS {#sec2}
==========

2.1. Production of lactocin 160 {#subsec2.1}
-------------------------------

*Lactobacillus rhamnosus* strain 160 was stored in the biofreezer ($- 80{^\circ}\text{C}$) until use. Lactocin 160 was purified as described previously \[[@B1]\]. Briefly, *L*. *rhamnosus* 160 was grown anaerobically overnight in 2000 mL MRS (Difco Lactobacilli MRS broth) at $37^{{^\circ}}$C. The cells were harvested by centrifugation (5100 x*g*, 20 minutes, $4{^\circ}\text{C}$), and washed three times in 0.01 M phosphate buffered saline (PBS, Sigma-Aldrich, Mo, USA). The pellet was resuspended in 200 mL chemically defined media that resembles vaginal fluid but lacks proteins \[[@B8]\], and incubated anaerobically at $37{^\circ}\text{C}$ for 20 hours with agitation (100 rpm).

The supernatant was brought to 80% saturation with ammonium sulphate (Sigma-Aldrich). Precipitated (not active) proteins were removed by centrifugation (11,000 x*g*, 25 minutes, $4{^\circ}\text{C}$). The supernatant was dialyzed against double distilled water for three days with the molecular weight cutoff of 1 kDa, (Spectra/Por Cellulose ester dialysis membranes, Spectrum). This was followed by lyophilization to obtain dry lactocin 160 preparation.

2.2. Protein concentration {#subsec2.2}
--------------------------

Lactocin 160 is a partially purified protein preparation and contains other high molecular products, with trace amounts of salts from the medium. Protein concentration was measured using BCA method (Pierce, Ill, USA) and determined spectrophotometrically at 562 nm.

2.3. Determination of weak organic acid presence in the preparation {#subsec2.3}
-------------------------------------------------------------------

Prior to the toxicity study, lactocin 160 was resuspended in double distilled water at a concentration of 200 mg/mL. The samples' acidity was analyzed by potentiometer (Microcomputer pH-vision 6071, Markson, Honolulu, Hawaii, USA) and the lactic acid concentration was measured using a commercial D- and L-lactic acid testing kit (R-Biopharm AG, Darmstadt, Germany). The sample was filter sterilized using a 0.45 $\mu$m centrifuge filter (Millipore Corporation, Billerica, Mass, USA).

2.4. HPLC and electrospray-MS analysis {#subsec2.4}
--------------------------------------

To determine reproducibility of the composition of the partially purified lactocin 160 preparations, samples from 3 independent batches were submitted to Proteomics Resource Facility (Integrated Biotechnology Laboratories, University of Georgia, Ga, USA) for HPLC and electrospray-MS analysis.

2.5. Epivaginal tissues model {#subsec2.5}
-----------------------------

EpiVaginal tissues (VEC-100) were obtained from MatTek Corporation and placed in the refrigerator at $4{^\circ}\text{C}$ until use. All tissues were used within 24 hours. Prior to application of the product, tissues were preequilibrated in 6 well plates (Falcon) with 0.9 mL of DMEM-based DC-100 MM medium (MatTek Corporation). Plates containing tissue culture inserts were placed in a humidified incubator at $37{^\circ}\text{C}$ and 5% CO~2~ for one hour. Media was removed and replaced by 0.9 mL of fresh VEC-100-MM medium. Then, 83 $\mu$L of product was applied topically on triplicate EpiVaginal (VEC-100) tissues. For exposure times of greater than 24 hours, tissue inserts were airlifted by placing them on 2 washers (MatTek Corporation) and fed with 5 mL of the assay medium. Initial exposure times of lactocin 160 (200 mg/mL) were 4, 9, 24, and 48 hours. Distilled water, used as negative control, was applied to duplicate tissue culture inserts at time points 6, 24, and 48 hours. Spermicide containing 4% Nonoxynol-9 (Ortho Options CONCEPTROL Vaginal Contraceptive Gel, Advanced Care Products, Skillman, NJ, USA) has a well-documented cytotoxicity (7, 9, 10), and was therefore chosen as a positive control. Antifungal cream, containing 4% miconazole nitrate (Monistat-3, Ortho McNeil Pharmaceutical, Inc., Raritan, NJ, USA), is a nontoxic preparation and was used as a negative control \[[@B7], [@B9]--[@B11]\].

Tissue viability at the end of the exposure time was determined using the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) viability assay. Approximate effective times (ET) for each product to reduce tissue viability to 50% (ET-50) values were calculated, from which new time points were selected to obtain a more accurate ET-50 value.

2.6. MTT viability assay {#subsec2.6}
------------------------

Viability of cells was determined by measuring the breakdown of the yellow tetrazolium component MTT to purple formazan following manufacturers' (MatTek Corporation) recommendations. As only living cells perform breakdown of MTT, the reduction is directly proportional to the amount of living cells \[[@B12]\]. Briefly, after completion of exposure times of lactocin 160 and positive and negative controls to tissues, the liquid in the inserts was decanted, followed by washing the tissue inserts in Dulbeccos phosphate-buffered saline solution (D-PBS). Nonliquid test material was removed carefully with a sterile polyester fiber tipped swab (Thermo- Fisher, Waltham, Mass, USA). Tissues were then placed in a 24 well plate with 300 $\mu$L MTT (1.0 mg/mL) solution in culture medium and incubated for 3 hours at $37{^\circ}\text{C}$ and 5% CO~2~. Following MTT incubation, the tissue inserts were placed in a new 24 well plate and immersed in 1.66 mL of isopropanol (MatTek Corporation) to extract the formazan. To reduce extractant evaporation, the plate was covered with sealing film (Thermo-Fisher). The plate was incubated overnight in the dark at room temperature. Upon completion of extraction, the liquid from the wells was mixed with the liquid from the inserts. After mixing, 200 $\mu$L of extractant solution was measured spectrophotometrically in triplicate at 570 nm in a 96 well plate reader (MRX revelation, Dynex Technologies, Va, USA) using extractant solution as blank.

Tissue viability (%) was determined according to the manufacturer's recommendations and using the equation: $\%\text{viability} = \text{OD}_{570}(\text{treated}~\text{tissue})/\text{OD}_{570}(\text{control}~\text{tissue})$. The exposure time that reduced the tissue viability to 50% was calculated as described previously \[[@B7]\] by plotting the logarithm of the dosing time versus % viability and then interpolating the times near when the viability is 50%. In general, a shorter ET-50 corresponds to a more irritating/damaging test article; a longer ET-50 corresponds to milder/less damaging test article.

2.7. Reduction of MTT by test preparations {#subsec2.7}
------------------------------------------

In order to assure reduction of MTT was not caused by the test articles, thereby generating incorrect results, reduction of MTT by each product was measured. This was done by adding 83 $\mu$L of product to 1 mL of MTT solution and incubating at room temperature in the dark for 60 minutes. 83 $\mu$L of double distilled water in 1 mL of MTT solution was used as negative control. Absence of darkening of solution color indicated that the test article and controls did not reduce MTT.

2.8. Rabbit vaginal model {#subsec2.8}
-------------------------

This safety assay was conducted at Eurofins Product Safety Laboratories (Dayton, NJ, USA). This study was performed to comply with the Good Laboratory Practice (GLP) regulations as defined in: 21 CFR 58: U.S. FDA Good Laboratory Practice Standards.

A quantity equal to 1.8 mL of the test article at pH 6.0, containing 10 mg/mL dissolved in sterile distilled water was administered intravaginally to six healthy female rabbits. One dose was administered daily to each animal for ten consecutive days. A negative and positive control group, consisting of six female rabbits each, was maintained under the same environmental conditions and dosed daily with 1.8 mL of sterile distilled water and 4% nonoxynol-9, respectively. All animals were observed for mortality, signs of gross toxicity, and behavioral changes at least once daily for 11 days. Body weights were recorded prior to administration and on day 11 (study termination). Individual vaginal irritation was measured prior to each intravaginal administration and on day 11. The entire vagina was excised, examined, and scored for exudates (vaginal discharge); edema; and erythema. The vagina from each rabbit was fixed and saved in 10% neutral buffered formalin. Scores for the vaginal discharge and edema were: 0---normal/none, 1---slight, 2---moderate, 3---severe, and scores for erythema were: 0---normal, 1---pink, 2---red, 3---beet red. Necropsies were performed on all animals at terminal sacrifice. Three sections of the columnar epithelium of the vagina (including cervical, central, and caudal portions) were examined microscopically from hematoxylin- and eosin-stained slides. The maximum score for the microscopic evaluation was 16.

2.9. Hemolysis assay {#subsec2.9}
--------------------

Outdated human blood erythrocytes obtained from the Blood Center of the Rush University of Chicago (Ill, USA) were used for the determination of hemolysis. Serial dilutions of lactocin 160 (12.5--200 mg/mL) were prepared in PBS. 100 $\mu$L aliquots of each dilution were incubated with 1 mL of 8% erythrocyte suspension in 1x PBS for 15 minutes at $22{^\circ}\text{C}$, and then centrifuged at 1500 rpm for 1 minute. The absorbance at 405 nm of released hemoglobin was measured spectrophotometrically. Hemolytic activities are presented as the percentage of the total erythrocytes lysed \[[@B13]\]. Sodium dodecyl sulfate was used as a control for total lysis. Hemolytic activity of lactocin160 was compared to 1--4% N9.

2.10. Inhibition of vaginal lactobacillus {#subsec2.10}
-----------------------------------------

The inhibitory effect of lactocin 160 on bacterial species characteristic of a healthy vaginal flora was studied against 10 vaginal *Lactobacillus* species (healthy human subjects isolates) by determining minimum inhibitory concentration (MIC) using the microdilution method in MRS broth. The tested range of two-fold dilution of lactocin 160 was 1.5--200 mg/mL with inoculum size of $5 \times 10^{5}$ CFU/mL. Loaded wells were overlaid with sterile mineral oil to create anaerobic condition for lactobacilli growth. MIC was determined using Bioscreen reader-incubator (Labsystems, Helsinki, Finland).

3. RESULTS {#sec3}
==========

3.1. Lactocin 160 preparation analysis {#subsec3.1}
--------------------------------------

An amount of 100 mg of partially purified lactocin 160 contained $21.5 \pm 1.29\,\mu\text{g}$ protein. The test for lactic acid detected less than 1% L-lactic acid concentration of the dry weight of three samples of lactocin160; D-lactic acid was found in insignificant amounts. This test confirmed that the activity of lactocin160 was not caused by lactic acid.

3.2. HPLC and electrospray-MS analysis {#subsec3.2}
--------------------------------------

The HPLC analysis was used to confirm reproducibility of the peptide recovery method from three independent batches of lactocin 160. It revealed that the samples have very similar protein profiles (graphs not shown). The electrospray-MS analysis confirmed the reproducibility data with significant noise due to the presence of amino acids (data not shown).

3.3. ET-50 values {#subsec3.3}
-----------------

The concentration of 200 mg/mL of lactocin 160 preparation was chosen for the in vitro safety study as this higher concentration is more likely to later be used in a commercial product. Lactocin 160 at this concentration showed very little irritation, with an average ET-50 value of 17.5 hours. [Table 1](#tab1){ref-type="table"} summarizes the ET-50 values for the samples. As an example, [Figure 1](#fig1){ref-type="fig"} presents the data from one study.

As expected, N9 was most toxic for EpiVaginal cells, with an average ET-50 value of 4.9 hours. This confirms previous in vitro and in vivo studies \[[@B7], [@B14], [@B15]\]. With an ET-50 value of $> 24$ hours, miconazole nitrate showed very low toxicity in our study. This is in accordance with previous in vitro and in vivo testing using the RVI model and clinical trials \[[@B7], [@B9]--[@B11]\].

An increase in liquid was observed in the insert of tissue exposed to lactocin 160. This might have been due to differences between products and media, thereby causing water to enter the tissue insert by osmotic pressure. It may also be due to bacteriocins inducing EpiVaginal cells to produce mucin. As the liquid in the wells was not viscous, the first speculation is more likely to have account for the observation (personal communication with Dr. Ayehunie at MatTek Corp.).

3.4. Reduction of MTT by test article {#subsec3.4}
-------------------------------------

MTT was not reduced to formazan by lactocin 160, micronazole nitrate, or nonoxynol 9. Thus, reduction of MTT was only performed by viable cells, and not caused by test article. This confirms the validity of the assay.

3.5. Rabbit safety assay {#subsec3.5}
------------------------

All animals survived, gained body weight, and appeared active and healthy during the study. In control group with 4% N9 apart from a red gelatinous substance in the panline noted for one animal on day 2, there were no other signs of gross toxicity, adverse pharmacologic effects, or abnormal behavior ([Table 3](#tab3){ref-type="table"}). Slight-to-moderate vaginal discharge and pink-to-red erythema were noted for all treated sites between days 3 and 11. No gross abnormalities were noted for any of the animals when necropsied at the conclusion of the 11-day observation period. Slight vaginal discharge, pink-to-red erythema, and/or slight-to-moderate edema were observed in all six rabbits at time of necropsy. The positive for irritation control tissues (nonoxynol-9 treatment) were given an average irritation index grade of "mild."

In the test group (lactocin 160 treatment), slight vaginal discharge and/or pink erythema were noted for three treated sites between days 5 and 11. No gross abnormalities were noted for any of the animals when necropsied at the conclusion of the 11-day observation period. Slight-to-moderate vaginal discharge, pink-to-red erythema, and/or slight-to-moderate edema were observed in all six rabbits at time of necropsy. The test tissues for lactocin 160 were given an average irritation index grade of "none." Under the conditions of this test, the lactocin 160 did not produce any significant vaginal irritation.

3.6. Toxicity for lactobacilli {#subsec3.6}
------------------------------

Lactocin 160 preparation's MIC for the tested 10 vaginal *Lactobacillus* spp was $>$200 mg/mL.

3.7. Hemolytic activity {#subsec3.7}
-----------------------

[Table 3](#tab3){ref-type="table"} presents data of human erythrocyte hemolysis by lactocin 160 (12.5--200 mg/mL) and N9. The range of observed hemolysis was $1.2 \pm 0.34$--$8.2 \pm 0.6$%. In fact, N9 in concentration 1--4% caused total hemolysis of erythrocytes.

4. DISCUSSION {#sec4}
=============

Lactocin 160, an antimicrobial peptide produced by *Lactobacillus rhamnosus*, did not show any severe irritation in the RVI model, ectovaginal tissue, hemolytic activity, or vaginal lactobacilli inhibition. The ET-50 values of the lactocin 160 preparations were similar or less than over-the-counter nontoxic products. Our toxicity studies revealed that lactocin 160 can be considered safe for human use.

For vaginal toxicity studies, thein vivo RVI model has been the preferred choice for a long time. This model determines the cervicovaginal irritation as minimal, mild, moderate, and severe based on a scoring system evaluating epithelial ulceration, leucocytic infiltration, edema, and vascular injection \[[@B16]\]. As it is an established standard, the results can be compared to other products \[[@B17]--[@B19]\]. The RVI model is, however, best for identifying agents that will cause severe irritation \[[@B20]\]. This model poses some shortcomings, mainly because of the difference in vaginal tissue between rabbit and human. Also, extra variables have to be taken into account, for example, the physical status, the health history of the rabbit, and the immune system. The RVI model approach proved not to be totally reliable in the case of the spermicidal agent nonoxynol 9. This commonly used contraceptive was determined to be suitable for human use in the rabbit irritation model; but with frequent use it induces inflammatory reactions and disruption of the vaginal epithelia \[[@B14], [@B15]\]. This has possible adverse effects including higher risk of acquisition of HIV \[[@B21]\]. In addition, prolonged exposure (10 days in different concentrations) to N9 in the rabbit vagina revealed severe inflammatory changes including erosions and loss of epithelial lining. The damage was proportional to the amount of N9 used \[[@B22]\].

In vitro models for vaginal irritation include monolayers of cells, which have been used for many years to determine safety, for example, endocervical vaginal epithelial HeLa-S3 cells \[[@B23]\] and immortalized human vaginal and cervical epithelial cells \[[@B24]--[@B26]\]. However, monolayer cultures are not optimal for irritation studies as they do not accurately resemble three-dimensional, differentiated vaginal tissue and also have different gene and protein expression \[[@B7]\].

Three-dimensional models of normal ectocervicovaginal epithelial cells, grown on polycarbonate filters, have previously been used. In a study of the pokeweed antiviral protein microbicide, no correlation was found between the results of the in vitro and the RVI model, the latter being much more sensitive \[[@B18]\]. These researchers hypothesized that this might be due to the in vitro system lacking the dynamics of in vivo testing. The inflammation may have been caused by the product's effect on mast cells, thereby creating the inflammatory reaction instead of a direct cytotoxic effect to the vaginal epithelial cells.

In this study, we sought to transition from the traditional in vivo vaginal irritation test to a reliable and reproducible in vitro vaginal model. We chose EpiVaginal model because it is a three-dimensional organotypic ectocervicovaginal tissue that was reconstructed using normal, well-stratified epithelial cells, containing differentiated basal, suprabasal, intermediate, and superficial cell layers similar to in vivo tissue. The in vivo and in vitro results were similar and revealed little or no toxicity of lactocin 160. This in vitromodel is cost-effective and can be considered as an alternative to the animal model.

To the best of our knowledge, this is the first in vitro vaginal irritation study of a bacteriocin from a vaginal probiotic *Lactobacillus* strain using EpiVaginal tissues. Vaginal safety was studied for the bacteriocin nisin. This well-known bacteriocin is widely used for food preservation but is not produced by any vaginal isolates \[[@B23], [@B27]\]. Nisin has been proposed as a contraceptive agent even though it kills the healthy vaginal microflora consisting of *Lactobacillus* species in concentrations much lower than the ones proposed for the nisin's spermicidal application (our unpublished data). The absence of vaginal irritation of nisin in rat and rabbit model was confirmed in vitro using endocervical vaginal epithelial HeLa-S3 cells measuring viability \[[@B23], [@B28]\]. Also, nisin's hemolytic activity has been studied well. It was found that nisin caused hemolysis of sheep erythrocytes at concentrations that were 1000-fold higher than those required for antimicrobial activity \[[@B29]\].

Documenting the antimicrobial activity against vaginal lactobacilli is an important concern for vaginal formulation safety study. For instance, it was shown that presence of nonoxinol-9 affects the ecological balance of the vagina by inhibiting the protector lactobacilli \[[@B30]--[@B32]\]. At the same time, our in vitro and in vivo toxicity studies showed that the antimicrobial peptide lactocin 160 produced by vaginal *L. rhamnosus* did not irritate vaginal epithelial tissue, and it was not hemolytic for human erythrocytes or toxic for vaginal lactobacilli. These results suggest that it would be safe in formulations to treat bacterial vaginosis.
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###### 

ET-50 values of products using the EpiVaginal tissue model (mean$\pm$ standard deviation).

  Product and active ingredient   ET-50 (h)
  ------------------------------- ------------------
  Lactocin 160 (200 mg/mL)        $17.45 \pm 0.35$
  Spermicide                      
   Nonoxynol 9 (4%)               $4.85 \pm 1.06$
  Antifungal cream                
   Miconazole nitrate (4%)        $35.6 \pm 17.5$

###### 

Individual vaginal irritation and histopathology scores. Histopathology scores include evaluation of epithelium, leukocytes infiltration, vascular congestion, and edema.

  Average score             Vaginal discharge/erythema   Histopathology score (Group mean)                                                                                   
  ------------------------- ---------------------------- ----------------------------------- --------- --------- --------- --------- --------- --------- --------- --------- ------
  Distill water ($n = 6$)   0.0/0.0                      0.0/0.0                             0.0/0.0   0.0/0.0   0.0/0.0   0.0/0.0   0.0/0.0   0.0/0.0   0.0/0.0   0.0/0.0   5.2
  N-9 ($n = 6$)             0.0/0.0                      0.3/0.5                             0.3/0.5   0.3/0.7   0.3/0.7   0.8/1.0   1.2/1.0   1.0/1.3   1.7/1.5   1.3/1.3   10.5
  Lactocin 160 ($n = 6$)    0.0/0.0                      0.0/0.0                             0.0/0.0   0.0/0.2   0.0/0.2   0.0/0.2   0.3/0.3   0.3/0.3   0.3/0.3   0.3/0.3   5.7

###### 

Hemolytic activity of lactocin 160.

  Substance                           Lactocin 160 (mg/mL)   N9 (%)                                                   
  ----------------------------------- ---------------------- --------------- ---------------- ---------------- ------ ------
  Concentration                       200                    100             50               25               12.5   1--4
                                                                                                                      
  Hemolytic activity (% of control)   $8.2 \pm 0.6$          $6.2 \pm 0.2$   $4.1 \pm 0.28$   $1.1 \pm 0.34$   0      100
